Soft tissue mineralization has been found to be a major component of diseases such as aortic 25 valve stenosis and rheumatic heart disease. Cardiovascular mineralization has been suggested 26 to follow mechanisms similar to those of bone formation with several cell culture models 27 been developed over the years to provide mechanistic insights. These cell models have been 28 characterized by a wide range of biochemical and molecular methods, which identified the 29 presence of osteogenic markers and bone-like cells. However, there is a surprisingly small 30 number of studies where the mineral formed in these cell culture models has been 31 characterized by physico-chemical methods, and even fewer studies have compared this 32 mineral to the one produced by bone cells in cultures. Here we investigated the morphology 33 and composition of the minerals formed in cell cultures of vascular smooth muscle cells and 34 bone cells. Electron microscopy and traditional cell mineralization assays were applied, 35 revealing that vascular cells are indeed able to form calcified nodules of elemental 36 composition similar to bone, however with different morphology. Comparison of 37 morphologies of the two minerals to that found in cardiovascular tissue shows that some of 38 tissue calcification resembles the calcified fibers produced by bone cells in vitro. These 39 results suggest that the characterization of the mineral is of utmost importance and its 40 morphology and chemical properties can contribute an important piece of information in the 41 comprehensive analysis of soft tissue mineralization mechanisms, both in in vitro cell culture 42 as well as in clinical samples.
Introduction 45
Healthy hard tissues, including bone and teeth, are naturally created in the body by 46 mineralizing cells such as osteoblasts and odontoblasts. Mineralization of soft tissues has also 47 been extensively described in the literature and generally, if not always, it has been attributed 4 73 tissue or from VSMC can be related to the release of extracellular vesicles [28] [29] [30] , in a 74 process different to the one observed in bone cells. In light of these seemingly conflicting 75 results, it becomes clear that cardiovascular calcification is a much more complex 76 phenomenon, possibly consisting of a mixture of osteogenic and non-osteogenic processes, 77 and that our current assays and endpoints may not necessarily be sufficient to characterize 78 which involved imaging of the samples using secondary electron (SE) and backscattering 124 electron (BSE) modes, for density-dependent colour SEM (DDC-SEM) to be acquired [1] .
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Energy Dispersive X-ray Spectroscopy (EDS) analysis was also carried out using Oxford show an increase in calcium concentration when exposed to calcium-supplemented 169 mineralization medium (DiffCa). Interestingly, human fibroblast cells (HFC), which were 170 included as non-vascular cells for reference, show similar calcium accumulation to the other 171 cell cultures when exposed to DiffCa for 28 days. Alizarin Red staining was performed, in order to visualize calcium accumulation in 177 the cell cultures (Fig. 2) . The results confirm mineral deposition in HBC cultures when 178 exposed to Diff and DiffCa, and in HVSMC (and HFC, not shown) cultures, only when 179 exposed to DiffCa. Considering that Alizarin Red results may be misleading when applied to cell cultures 185 and can stain positive even in the absence of mineral [33], we also performed high-resolution 186 electron microscopy with elemental analysis. As expected, no evidence of calcium phosphate 187 deposition was found in the HBC culture when exposed to α-MEM and Prolif medium ( Fig.   188   3(a, b) ). In agreement with the calcium assay and the Alizarin Red staining, HBC exposed to 189 Diff and DiffCa presented significant amounts of mineral deposits. Scanning electron 190 micrographs show fibre-like mineral deposits consisting of calcium phosphate (Fig. 3(c, d) ) 191 in HBC incubated with Diff medium. Strikingly, the HBC exposed to DiffCa also present 192 large amounts of calcium phosphate mineral deposits ( Fig. 3 (e, f) ), albeit with a completely strikingly different (see Fig. 3(c, d) vs. (e, f)). For HVSMC, again, no evidence of calcium phosphate mineral deposition was found 208 for cell cultures exposed to α-MEM and Prolif medium ( Fig. 4 (a, b) ). In contrast to HBC, 209 no evidence of calcium phosphate formation was found for HVSMC exposed to Diff (Fig. 4   210   (c, d) ). Calcium phosphate minerals were, however, observed in HVSMC cultures exposed to 211 DiffCa ( Fig. 3 (e, f) ). Similar results were also observed in the HFC culture with place (see Fig. 3 (e, f) vs. Fig.4 (e,f) ). structure can be easily recognized on the micrographs (Fig. 5 (a) ). On the other hand, at least 231 three distinctly different characteristic structures, including fibers ( Fig. 5 (b) ), calcified 232 particles ( Fig. 5 (c) ) and compact calcification ( Fig. 5 (d) ) could be identified in human 233 cardiovascular tissues as previously described in the literature [1] . There is a notable similarity between minerals formed in the in vitro cultures of HBC 243 in Diff media (Fig. 2 (c, d) ) and the fibers that can be sometimes found at the later stages of 244 calcification [1] present in the vascular tissue ( Fig. 5b and S1 Fig.) . From the similarities 245 presented between the bone cell cultures calcific structures and the vascular structures, we 246 could speculate that in some cases there is indeed some form of calcification present in the 11 247 cardiovascular tissue which is similar to the material produced by bone cells, supporting 248 partially the many studies that report osteogenic differentiation of vascular cells. However, no 249 similarities are observed with the natural bone structure, suggesting that the calcified fibers 250 could be formed by a distinct mechanism to bone mineralization. Also, no morphological 251 similarities were found for the mineral produced by HVSMC, neither to the mineral found in 252 bone tissue nor in cardiac tissues, suggesting that our HVSMC model does not adequately 253 depict the in vivo mineralization mechanism.
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Taken together, these results show that the culturing of human bone cells is indeed 255 able to form minerals similar to some of the structures found in vivo, and hence partially 256 support the hypothesis that some sort of osteogenic differentiation in vascular tissue could 257 happen sporadically. On the other hand, none of the cultures were able to produce any 258 structure similar to the calcified particles that are widespread in vascular tissue [1, 17, 30] 259 and are the first calcified structure that can be detected in those tissues [1] (Fig. 5 (a) ). This 260 study indicates that a major component of vascular calcification still cannot be described by 261 the cell cultures tested here, and that there is likely an unaccounted player contributing to 262 mineral deposition in the cardiovascular system. produced in HBC culture exposed to Diff media. Scale bars = 1 µm.
